Comment on "A nanopositioner for scanning probe microscopy: The KoalaDrive" [Rev. Sci. Instrum. 83, 023703 (2012)] Rev. Sci. Instrum. 83, 097101 (2012) Dye-assisted dispersion of single-walled carbon nanotubes for solution fabrication of NO2 sensors AIP Advances 2, 032165 (2012) Highly sensitive tactile sensors integrated with organic transistors Appl. Phys. Lett. 101, 103308 (2012) Highly sensitive tactile sensors integrated with organic transistors APL: Org. Electron. Photonics 5, 206 (2012) Additional information on Rev. Sci. Instrum. High precision accelerometer plays an important role in space scientific and technical applications. A quartz-flexure accelerometer operating in low frequency range, having a resolution of better than 1 ng/Hz 1/2 , has been designed based on advanced capacitive sensing and electrostatic control technologies. A high precision capacitance displacement transducer with a resolution of better than 2 × 10 −6 pF/Hz 1/2 above 0.1 Hz, is used to measure the motion of the proof mass, and the mechanical stiffness of the spring oscillator is compensated by adjusting the voltage between the proof mass and the electrodes to induce a proper negative electrostatic stiffness, which increases the mechanical sensitivity and also suppresses the position measurement noise down to 3 × 10 −10 g/Hz 1/2 at 0.1 Hz. A high resolution analog-to-digital converter is used to directly readout the feedback voltage applied on the electrodes in order to suppress the action noise to 4 × 10 −10 g/Hz 1/2 at 0.1 Hz. A prototype of the quartz-flexure accelerometer has been developed and tested, and the preliminary experimental result shows that its resolution comes to about 8 ng/Hz 1/2 at 0.1 Hz, which is mainly limited by its mechanical thermal noise due to low quality factor.
I. INTRODUCTION
High performance accelerometer as a weak force probe has already been studied, developed and employed in many fields, especially in the space science and technology applications. [1] [2] [3] [4] [5] For example, it could be used to measure the microgravity level and the non-conservative forces acting on spacecrafts. In the last decade, spring accelerometer has been developed to a level of nano-g (1 g = 9.8 m/s 2 ) resolution in order to satisfy the requirement for deep space exploration, for examples, Italian spring accelerometer (ISA) [6] [7] [8] and MEMS spring accelerometer. [9] [10] [11] The ISA, which operates in open loop scheme with a capacitive transducer to measure the displacement of the proof mass, having a resolution of 1 ng/Hz 1/2 , will be used to support for BepiColombo radio science experiments. 8 A high precision MEMS accelerometer, which is also based on a capacitive transducer but with an electromagnetic feedback actuator to act as a closed loop system, having a resolution of 4 ng/Hz 1/2 , will be used in Mars exploration. 11 In order to improve the linearity of the accelerometer compared with the open loop scheme, and to improve the long term stability compared with the electromagnetic actuator, a quartz-flexure accelerometer based on a high precision capacitive displacement transducer and a high performance electrostatic servo-controlled actuator is developed to achieve a resolution of better than nano-g level.
II. WORKING PRINCIPLE
A quartz-flexure accelerometer, in general, is comprised of a spring-mass probe, a position transducer which measures a) Electronic mail: scwu@mail.hust.edu.cn. b) Electronic mail: zhouzb@mail.hust.edu.cn. the motion of the mass, and an electromagnetic feedback actuator. In our design, a capacitance position transducer is used to measure the motion of a proof mass (PM) suspended by a flexure, and then guides a controller to generate proper voltage applying to the electrodes, finally the PM is driven back to its balance position by the electrostatic actuator. In this closed-loop mode, the PM is always maintained motionless, and the control voltage is proportional to the acceleration of the frame. The schematic diagram is shown in Fig. 1 . A quartz pendulum is composed of a proof mass suspended by a thin cantilever spring. Both the electrodes sandwich the PM to act as a differential position transducer to monitor the relative motion of the PM with respect to the frame. For first order approximation, the motion of the PM x is proportional to the capacitance variation C as follows
where C 0 and d 0 are, respectively, the balance capacitor and gap as the PM is located at the center of these two electrodes, namely equilibrium position. The H m , H s , H c , and H a in Fig. 1 present, respectively, the transfer functions of the mechanical part, position transducer, controller, and electrostatic actuator. A capacitance transducer based on alternative current transformercapacitance bridge and phase-sensitive modulation technique is developed, 12 where a sinusoidal voltage V p is used as the pumping voltage. A digital controller based on the Field Programmable Gate Array (FPGA) is adopted in order to easily adjust the control parameters. The output V f from the digital controller is amplified and applied, with opposite signs, to both electrodes. A direct-current V b , which is used to improve linearity of the electrostatic actuator, is applied to the PM so that the feedback electrostatic force is proportional to the electrode voltage in this symmetric configuration. When the PM position is controlled motionless with respect to the frame, the frame's acceleration is obtained, which is proportional to the feedback voltage V out applied on the electrodes, as follows
In this case, H a is the scale factor of the accelerometer, which determines stability and sensitivity of the accelerometer.
III. DESIGN AND THEORETICAL ANALYSIS
The noise model of the quartz-flexure accelerometer is also shown in Fig. 1 . The overall noise of the instrument is comprised of the mechanical thermal noise (a thermal ) and electronic noise. In addition, electronic noise could be divided into three main noise sources: position measurement noise (x n ) from the capacitive displacement transducer, action noise (V f,n ) from the electrostatic actuator and readout noise (V AD,n ) from the direct readout analog-to-digital-converter (ADC). Considering the transfer function of the accelerometer, in a closed-loop system with strong negative feedback, the total instrument intrinsic noise can be written as follows 
where β is the damping coefficient and ω 0 is the natural frequency of the spring-mass oscillator. It is obvious that the natural frequency of the spring mass oscillator should be as small as possible in order to increase the mechanical gain of the mechanical transfer function in the interested low frequency band.
In closed loop configuration, a direct-current V b for linearization of the electrostatic feedback actuator, an ac pumping voltage V p for the capacitance sensing, and two opposite feedback voltages V f for restoring the PM to its equilibrium position generate a difference of potential between the PM and the electrodes, resulting in an electrostatic field with a non-null root mean square and consequently an electrostatic force. 13 The potential of each capacitance could be written as
and yield an electrostatic force.
where the first part presents the conventional feedback force, whose effect is to pull the PM back to its equilibrium position, and comparing with Eq. (2) the scale factor of the accelerometer is given by
The second part of Eq. (7) is the so called back-action force, which pushes the PM away from its equilibrium position and can be treated as a negative spring. Therefore, any position dependence of a steady force will introduce a parasitic "stiffness," so the back-action force could introduce a negative electrostatic stiffness
The equivalent total stiffness, combining the negative electrostatic stiffness k e with the spring stiffness k 0 , can be given by
so the mechanical transfer function should be modified as follows
where ω e = √ k e /m.
A. Mechanical thermal noise analysis
Mechanical thermal noise of the accelerometer is dependent on the loss of the mechanical oscillator, which is due to viscous damping from surrounding air or internal damping in materials. By vacuum encapsulating the resonating structure it is mainly limited by the internal damping in materials here, 
where k B is Boltzmann constant, T is temperature in Kelvin unit, and Q is the quality factor of the mechanical oscillator. Three critical parameters for the mechanical thermal noise, from the above equation, is suppressed by choosing large mass (m), long period (1/ω 0 ), and high quality factor (Q). The mechanical parameters design for the quartzflexure accelerometer is appeared in Table I . The advantage of using quartz material for fabricating low-noise suspensions is the high-Q attainable in the material. The Q factor of a quartz spring-mass oscillator without electrodes and package was tested to reach about 3000 as the vacuum is about 6 × 10 −5 Pa, which means a quartz-flexure accelerometer with a resolution of better than 1 ng/Hz 1/2 at 0.1 Hz can be achieved.
B. Position measurement noise analysis
Position measurement noise is mainly limited by capacitive displacement transducer circuit, which is based on a design adapted to gap variation transducer. The capacitance variation induced by the motion of the PM produces a change in the charge on the electrodes. This change is anti-symmetric and is thus detected using a capacitance bridge. The position measurement noise of this capacitance sensing circuit has been discussed in detail in Ref. 13 .
As discussed earlier, the position measurement noise is connected to the acceleration noise through equation
Considering this, there are two ways to decrease the position measurement noise-equivalent-acceleration (PNEA): improve the position measurement circuit to get lower circuit noise (x n ) or increase the mechanical sensitivity (H m ). In addition, the second method does not reduce the position measurement circuit noise itself, but translate small acceleration signals into big displacement signals, which should be easier to be detected. It is possible to compensate the mechanical stiffness by adjusting the direct-current bias voltage V b and sinusoidal pumping voltage V p applied on the electrodes to induce a proper negative electrostatic stiffness, which increases the mechanical sensitivity and also suppresses the position measurement noise x n . In other words for the same position measurement circuit noise (x n ), the much smaller PNEA (a cn ) could be achieved.
As shown in Fig. 2 , the PNEA is suppressed by increasing the direct-current V b , which increases the negative electrostatic stiffness to decrease the total stiffness of the system. But increasing V b will also increase the scale factor H a , that will require much lower action noise and readout noise which is often difficult to achieve. Therefore, it should be trade off among these noises.
In order to test the noise of the position measurement circuit, a pair of accurate capacitor is used to replace the PM and electrodes. Figure 3 exhibits the input capacitance noise of the tested sensor is better than 2 × 10 −6 pF/Hz 1/2 above 0.1 Hz, which is optimized by increasing the mechanical sensitivity to suppress the position measurement noise down to 0.3 ng/Hz 1/2 at 0.1 Hz.
C. Action noise and readout noise analysis
Action noise is the electrostatic feedback actuator noise and is proportional to the output noise. As shown in Fig. 4 , the digital controller is fed with the position of the PM, and generates feedback signal through digital-to-analog-converter (DAC) and drive-voltage-amplifier (DVA) to exert the perfect force on the PM to maintain it motionless with respect to the frame. The voltage noise V f,n is mainly limited by the digital quantization noise of the DAC and the resistance noise of the DVA.
As usual, if the FPGA digital feedback voltage is used as the accelerometer's output, as the V out1 shown in Fig. 4 , the output noise would be given by In this case, the action noise would directly take effects on the output noise according to above equation. However, using a high resolution ADC to directly readout the feedback voltage acted on the electrodes as the output V out2 instead of the FPGA digital output V out1 , 16 as shown in Fig. 4 , the action noise would be suppressed by a coefficient of H open to the output noise according to Eq. (3). In this case, the readout noise which is mainly limited by the digital quantization noise of the ADC is dominant in a deep negative feedback system, and the readout noise is smaller than the original action noise by using an enough high resolution ADC which will adapt to the design.
It is possible to measure the action noise in the control loop configuration. Thanks to the digital control loop, it is easy to give a null input to the electrostatic actuator and detect the output to measure the action noise. The action noise of the electrostatic feedback actuator is shown in Fig. 5 , which shows that the action noise is better than 2 μV/Hz 1/2 above the 0.1 Hz frequency range. 
D. Total instrument noise estimation
Above all, the four main noise sources have been analyzed, respectively. Then, according to Eq. (3), the total instrument noise could be estimated.
In our design, the total resonant frequency has been decreased by optimization of the electronics parameter so that the PNEA as the dotted-dashed line shown in Fig. 6 could be smaller than the mechanical thermal noise. Action noise has been rejected by using a high resolution ADC to directly readout feedback voltage acted on the electrodes as the output instead of the FPGA digital output. Dashed line shows that the mechanical thermal noise is the main limit in the interested low-frequency band even by putting the proof mass in a high vacuum environment. As a result, the total instrument noise of the quartz-flexure accelerometer could be estimated to be better than 1 ng/Hz 1/2 above 0.1 Hz.
IV. PRELIMINARY RESULT OF PROTOTYPE
A prototype of the quartz-flexure accelerometer has been completed in our laboratory. The quality factor Q will be greatly reduced by encapsulating the spring-mass oscillator with the electrodes in a package, 17 so the mechanical suspension is encapsulated in a vacuum chamber to suppress the gas damping. The natural frequency f 0 and quality factor Q of the prototype have been tested to be about 27 Hz and 100, respectively, which deviate from the mechanical design and cause higher mechanical thermal noise than the expectation.
The accelerometer, which is mounted on a fixture and aligned on a dividing head with a precision of 1 , is first calibrated by the tilt method. The accelerometer's input axis is changed relative to the gravity vector by rotating the dividing head to the different positions. Each step of the direction variation is 1 (2.9 × 10 −4 rad), so the input acceleration variation The total instrument noise analysis shows that the total noise could be estimated to be better than 1 ng/Hz 1/2 above 0.1 Hz.
is 2.9 × 10 −4 g per step. The calibration curve is shown in Fig. 7 , and by analyzing the data from gravity projection with small angle variation test, the scale factor of the accelerometer could be calculated as
The quartz-flexure accelerometer was tested in the cave laboratory of HUST as shown in Fig. 8 , where the vibration of the floor is relatively low and the fluctuation of the temperature is lower than 0.03 K/day. 19 To operate the accelerometer, the sensitive axis must be carefully set in the horizontal plane to avoid the projection of the gravity out of the measurement range. This could be done with the help of a mounting plane. The result is shown by the dotted line in Fig. 9 . For comparing, the horizontal seismic noise of the floor tested by a Guralp commercial seismometer is also shown by the solid line in Fig. 9 , and the estimated total instrument noise is shown by the dashed line.
In this experiment, we use the quartz-flexure accelerometer as a seismometer to detect the seismic noise of the Earth vibrations. The noise sources are the instrument intrinsic noise and "real" seismic noise. The instrument noise is due to both the electronic noise and the mechanical thermal noise. The electronic noise is generally well quantified for the amplifiers and the feedback circuit and has been designed to be below the mechanical thermal noise as discussed ahead. Additionally, according to the Peterson-curves and the data from the Guralp commercial seismometer, 18, 19 the seismic noise is below the instrument noise in the low frequency range and has a peak around 0.2 Hz. As a result, it shows that a minimum in the frequency range of 10 −3 -10 −1 Hz is about 6 ng. In conclusion, a spring accelerometer based on capacitive transducer and electrostatic feedback has been presented. FIG. 7 . Calibration curve of the quartz-flexure accelerometer. The accelerometer is mounted on a fixture and aligned on a dividing head. The accelerometer's input axis is changed relative to the gravity vector by rotating the dividing head, and each step of the direction variation is 1 (2.9 × 10 −4 rad).
Each noise source of the spring accelerometer has been analyzed and measured respectively. The performance of the spring accelerometer is in good agreement with the theoretical analysis. According to the result, the resolution of our spring accelerometer has achieved 8 ng/Hz 1/2 at 0.1 Hz, which FIG. 8 . The quartz-flexure accelerometer was tested in the cave laboratory of HUST. The accelerometer mechanical detector is in a vacuum chamber, with the help of a mounting plane, the sensitive axis has been set in the horizontal plane to avoid the projection of the gravity out of the measurement range. is limited by the thermal noise in the low frequency range and by the seismic noise in the high frequency range. Based on current analysis and the preliminary experimental results, the key problem is the mechanical thermal noise of the mechanical suspension, where the natural frequency f 0 = 27 Hz and Q factor is only about 100. Because of the mechanical design, the gas between the proof mass and the electrodes is not easily evacuated, so that the mechanical suspension is not in a high vacuum environment. As the gas in an airtight structure works as an air spring that changes the natural frequency of the spring mass oscillator, moreover the gas damping influences the Q factor of the mechanical suspension system. Some improvements are being considered for future study. Using a heavier proof mass and improving the vacuum level in the mechanical suspension will be used to increase the Q factor, such that the spring accelerometer with capacitance transducer and electrostatic actuator could be expected to achieve a resolution of better than 1 ng/Hz 1/2 above 0.1 Hz.
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